The discovery of lung carcinoma subtype-specific gene expression changes has the potential to elucidate the molecular differences and provide personalized therapeutic targets for these pathologies. The aim of the present study was to characterize the genetic profiles of the early stages (IA/IB) of two non-small cell lung cancer subtypes, adenocarcinoma (AD) and squamous cell carcinoma (SC). RNA-Seq gene expression data from The Cancer Genome Atlas was analyzed to compare the gene expression differences between AD and SC. The gene sets specific to each subtype were further analyzed to identify the enriched Gene Ontology terms, Kyoto Encyclopedia of Genes and Genomes pathways and biological functions. The results demonstrated that a unique set of genes (145 upregulated and 27 downregulated) was altered in AD, but not in SC; another set of genes (146 upregulated and 103 downregulated) was significantly altered in SC, but not in AD. Genes highly upregulated specifically in AD included albumin (1,732-fold), protein lin-28 homolog A, which is a positive regulator of cyclin-dependent kinase 2 (150-fold) and gastric lipase (81-fold). Genes highly upregulated specifically in SC included amelotin (618-fold), alcohol dehydrogenase 7 (57-fold), aclerosteosis (55-fold) and claudin-22 (54-fold). Several cancer/testis antigen family genes were notably upregulated in SC, but not in AD, whereas mucins were upregulated only in AD. Functional pathway analysis demonstrated that the dysregulation of genes associated with retinoid X receptors was common in AD and SC, genes associated with 'lipid metabolism' and 'drug metabolism' were dysregulated only in SC, whereas genes associated with 'molecular transport' and 'cellular growth and proliferation' were significantly enriched in AD specifically. These results reveal fundamental differences in the gene expression profiles of early-stage AD and SC. In addition, the present study identified molecular pathways that are uniquely associated with the pathogenesis of these subtypes.
Introduction
Non-small cell lung cancers (NSCLC), which are classified into adenocarcinomas (AD) and squamous cell carcinomas (SC), account for ~85% of primary lung cancer cases and are responsible for ~25% of cancer deaths in the United States (1) (2) (3) (4) . Previous studies have identified key differences between these histological subtypes at the molecular level, and have demonstrated the potential of these differences as diagnostic biomarkers and predictors of overall survival (5) (6) (7) . For example, the mammary serine protease inhibitor maspin has been demonstrated to be highly expressed in SC, but not in AD (5) . In addition, thyroid transcription factor 1 has been effectively used as an immunohistochemical marker to differentiate AD from SC (7) . Several studies have examined gene expression profiles in lung cancer, including studies differentiating AD and SC (8) (9) (10) (11) (12) . Shi et al (9) identified 2,961 microRNA sequences that may regulate differentially expressed genes (DEGs) in both NSCLC and small cell lung cancer across all clinical stages. Lu et al (10) studied DEGs in NSCLC subtypes across all stages, identifying a set of upregulated and downregulated genes in AD and SC but had a limited sample size. A total of 1,127 DEGs in NSCLC were identified by Grigoroiu et al (12) , however they focused specially on stage IIIA disease and did not differentiate between AD and SC. Thus, the number of studies focusing on gene expression profiles specifically at the early stages (IA and IB) of NSCLC is low. Therefore, the present study aimed to provide a unique perspective by identifying gene expression changes specific to the early stages of AD and SC. Gene expression profiling of early-stage lung cancer may have great value in identifying potential molecular targets for the early detection and treatment of NSCLC.
The 5-year survival rate of patients with NSCLC who start treatment during stage IA of the disease is ~92%; however, the 5-year survival rate is 60% for stage IIA, 36% for stage IIIA
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and <10% for stage IVA (13) . Thus, diagnosis and treatment at the early stages are crucial for improving the survival rates of patients with NSCLC. Genomic profiles of early-stage NSCLC may be particularly advantageous with the advent of next generation sequencing panels that allow rapid identification of personalized therapies for cancer by analyzing genetic variants in tissue biopsies (14) . This technology has been demonstrated to provide clinical benefits in NSCLC and is routinely used to identify common mutations in lung cancer, such as KRAS and epidermal growth factor receptor (15, 16) . The identification of novel genes and pathways uniquely expressed in early stages of AD and SC may provide more specific elements for evolving personalized therapies, such as specific drug targets or as a component of a panel for a prognostic screening test.
The aim of the present study was to identify the unique signatures of SC and AD, by comparing the gene expression levels in each carcinoma to fully characterize the genetic profiles of each subtype. These unique gene sets may improve our understanding of the molecular basis of each NSCLC subtype and may provide more specific targets for personalized therapy.
Materials and methods
The cancer genome atlas (TCGA) datasets. TCGA (https://www.cancer.gov/about-nci/organization/ccg/research/ structural-genomics/tcga) is a landmark dataset, which comprises the molecular characterization of over 20,000 samples spanning 33 different cancer types, publicly available to the research community. TCGA gene expression RNA-Seq data was downloaded from Xenabrowser (http://xenabrowser.net). Data for the early stages (IA and IB) (AJCC 7th Edition TNM Staging System; https://cancerstaging.org) of AD and SC, as well as those for adjacent normal tissues, were selected. Gene expression levels were compared between the cancer and normal lung tissue samples to identify DEGs in each subtype.
Statistical analysis. All statistical analyses were performed using the R language and environment for statistical computing (R version 3.2.2; R Foundation for Statistical Computing; www.r-project.org). The edgeR package (https://bioconductor. org/packages/release/bioc/html/edgeR.html) was used to perform differential expression analysis of all genes with count per million (CPM)>1 in at ≥2 samples, and two separate differential gene expression analyses were performed for each cancer type (AD and SC). To identify DEGs in each subtype, the gene expression data for the early stages of each carcinoma were compared with those for the adjacent normal tissues. The Benjamini and Hochberg's method (17) was used to control the false discovery rate. The level of change in gene expression was expressed as the mean fold-change (FC) between the cancerous and adjacent normal tissues. To identify highly significantly upregulated genes, a filter of |FC|≥ 4 and adjusted P<0.001 was used. The FCs of downregulated genes were transformed with a negative reciprocal, as the negative reciprocal FC of a downregulated gene has a negative sign, but retains the fold difference information, which is similar to logFC. For example, FC of 0.5 is the same as 2-fold downregulation (-2 fold-change). To identify the genes uniquely differentially expressed in either subtype, DEGs were assigned to the following categories: i) Genes upregulated in AD (FC AD >4; P AD <0.001), but not in SC; ii) genes upregulated in SC (FC SC >4; P SC <0.001), but not in AD (Table I) ; iii) genes downregulated in AD (FC AD <-4; P AD <0.001), but not in SC; and iv) genes downregulated in SC (FC SC <-4; P AD <0.001), but not in AD (Table II) .
Functional analysis of DEGs. An Ingenuity Pathway Analysis (IPA) software tool (https://www.qiagenbioinformatics. com/products/ingenuity-pathway-analysis) was used to determine the underlying mechanisms, functions, pathways and associations between the gene sets identified during DEG analysis. Molecular and cellular functions and canonical pathways were identified using IPA to distinguish the complex biology underlying the pathogenesis of the two lung cancer subtypes. Upstream regulator analysis using IPA was performed to discover the upstream transcriptional factors regulating changes in the expression of the identified genes. The analysis is based on the expected effects between transcriptional regulators and their targets stored in the Ingenuity database. The analysis provides a P-value and an activation z-score based on the number of known targets present in the DEGs for each transcriptional regulator. Overall, this analysis is part of IPA core analysis examining the mechanisms, functions and pathways associated with a given set of genes.
Results
Identification of DEGs. RNA-Seq gene expression data from TCGA were analyzed to compare the gene expression changes in the early stages of two NSCLC subtypes. A total of 145 genes were upregulated specifically in AD, and 146 genes were upregulated specifically in SC. Among the downregulated genes, 27 were downregulated specifically in AD, whereas 103 were downregulated specifically in SC. Venn diagrams representing the number of upregulated and downregulated genes in the two NSCLC subtypes are presented in Fig. 1A and B. A heat map was constructed to identify the expression patterns of these unique gene sets in each subtype (Fig. 1C ). The patients were stratified by smoking status to determine whether the DEGs were associated with smoking; the results demonstrated that early-stage differences unique to each subtype were not associated with smoking (data not shown).
Genes differentially expressed in AD. A total of 145 genes were highly upregulated specifically in AD (FC AD >4; P AD <0.001) with no significant upregulation in SC. The genes with the highest FC uniquely upregulated in each subtype are presented in Table I . In addition, 27 genes were significantly downregulated specifically in AD (FC AD <-4; P AD <0.001) with no significant downregulation in SC (Table II) . Highly upregulated genes specific to AD included albumin (ALB; AD, FC=1,732.04; SC, FC=-1.48), protein lin-28 homolog A (LIN28A; AD, FC=150.39; SC, FC=1.25), gastric lipase (LIPF; AD, FC=81.24; SC, FC=2.69), transmembrane 4 L six family member 4 (TM4SF4; AD, FC=68.74; SC, FC=-2.73) Genes differentially expressed in SC. A total of 146 genes were highly upregulated in SC (FC SC >4; P SC <0.001) with no significant upregulation in AD (Table I ). In addition, 103 genes were significantly downregulated (FC SC <-4; P SC <0.001) in SC with no downregulation in AD (Table II) Analysis of molecular pathways in AD. The IPA tool was used to generate an interaction network for genes specifically differentially regulated in AD and SC, based on known interactions (Fig. 2) . The genes uniquely dysregulated in AD were enriched in a number of molecular and cellular functions, including 'molecular transport', 'cell-to-cell signaling and interaction', 'amino acid metabolism' and 'cellular growth and proliferation'. A number of the dysregulated genes specific to AD were also involved in the canonical farnesoid X receptor (NR1H4)/retinoid X receptor (RXR) activation and liver X receptor (LXR)/RXR activation pathways. The roles of these regulators in NSCLCs have not been previously reported. A number of upstream regulators of these genes were identified, including hepatocyte nuclear factor 4 α (HNF4A), which regulated 26 genes, HNF1A, which regulates 22 genes, transcription activator BRG1 (SMARCA4), which regulates 14 genes, and Forkhead Box A2 (FOXA2), which regulated 10 genes (Table III ). The HNF family of genes and FOXA2 have been independently associated with AD as positive and negative regulators of growth, respectively (20, 21) .
Analysis of molecular pathways in SC. The genes unique to early-stage SC were enriched in 'xenobiotic metabolism', 'lipid metabolism', 'vitamin and mineral metabolism', 'drug metabolism' and 'free radical scavenging'. These results suggested that impaired lipid metabolism is specific to SC. The canonical pathways 'LPS/IL-1 mediated inhibition of RXR function', 'xenobiotic metabolism signaling' and 'aryl hydrocarbon receptor signaling' were among those specifically dysregulated in SC. Peroxisome proliferator-activated receptor-γ (PPARG), which regulates 15 genes, c-Jun, which regulates 15 genes, and RXR α (RXRA), which regulates 14 genes, were among the upstream regulators of the differentially regulated genes (Table IV) . 
Discussion
Lung carcinomas account for >25% of cancer-associated mortalities worldwide, and the majority of primary lung cancers are NSCLC histological subtypes, including AD and SC (3) . Personalized treatment for these cancers requires a complete and detailed understanding of the distinct molecular mechanisms that contribute to tumorigenesis, especially in early stages when survival rates are >90%. In the present study, a total of 172 genes with differential expression (145 upregulated and 27 downregulated) specific to AD, and another 249 genes (146 upregulated and 103 downregulated) specific to SC were identified. The present study demonstrated that early-stage AD exhibited a 150-fold upregulation of the oncogene LIN28A, which is involved in cell cycle progression through the regulation of cyclin-dependent kinase 2 in lung, breast, ovarian, colon, liver and pancreatic cancer (22) . In addition, LIN28 has been demonstrated to confer resistance to radiotherapy in lung carcinoma cell lines (23) and has been explored for its potential role in breast cancer therapy (24) . The results of the present study revealed that the activity of this oncogene was unique to the AD subtype of NSCLC, whereas no significant changes in LIN28 expression levels were observed in SC. These results suggested that LIN28A may be a novel therapeutic target for AD. The palate, lung and nasal epithelium carcinoma-associated gene, which has a documented association with respiratory tumors with a glandular phenotype (25) , was upregulated 38-fold in AD in the present study. Members of the mucin family of genes, mucin 21 cell surface-associated and mucin 5b oligomeric mucus/gel-forming, were identified to be upregulated ~15-fold in AD, and are likely to be involved in the excessive secretion of mucus by neoplastic cells in AD (26) . Mucin peptides incorporated into liposomal vaccines are associated with extended survival times in patients with lung cancer (27) . Downregulation of several tumor suppressor genes including SOSTDC1, ODAM, deleted in colorectal carcinoma, fasciculation and elongation proteins ζ 1 and annexin A8 was observed in AD, but not in SC. These genes are associated with a variety of cancers, including lung, breast, colon and prostate cancer (28) (29) (30) (31) .
In the present study, early-stage SC exhibited specific upregulation of CTA family 45 members A1-4. Auto-antibodies against the genes of this family have been demonstrated to serve as biomarkers for NSCLC with low sensitivity and high specificity (32) , and a RNAseq catalog of 90 cancer testis antigens were established by Djureinovic et al (33) . The results of the present study also demonstrated that the expression of another member of the CTA family, X antigen family member 2, was downregulated in SC; this gene has previously been identified as a tumor suppressor in metastatic melanoma and Ewing sarcoma (34) . In addition, SC exhibited downregulation of several tumor suppressor genes, including melanoma inhibitory activity 2, which is involved in hepatocellular carcinoma (30) , and secretoglobin family 3a member 1, which serves a role in testicular germ cell tumors (35, 36) . In the present study, 'cellular function' and 'lipid metabolism' were associated with the genes dysregulated specifically in early-stage SC. Alterations in lipid metabolism have been previously implicated in human cancers, particularly oral squamous cell carcinoma, in which increased lipid metabolism is associated with invasiveness (37) . Previous studies have reported that impaired lipid metabolism in NSCLC results in the loss of malignant potential (38) (39) (40) . The results of the present study suggested that abnormal lipid metabolism may be specific to SC. AD exhibited significant upregulation of LIPF; however, no evidence of dysregulated lipid metabolism in AD was observed at a functional level. By contrast, AD exhibited alterations in 'molecular transport', 'cell-to-cell signaling and interaction' and 'amino acid metabolism'.
Only SC exhibited strong enrichment of the 'drug metabolism' cellular function in the present study. Previous studies have suggested that high activity levels of cytochrome P450 isotypes, particularly cytochrome P450 family 1 (CYP1) subfamily B member 1 (CYP1B1), serve a role in carcinogenesis and drug resistance in human cancers, including NSCLC, and may serve as therapeutic targets or prognostic indicators (41, 42) . In addition, 5,7-dimethoxyflavone and resveratrol have been used to inhibit CYP1 family protein expression Hep G2 human hepatoma and MCF-10a non-tumorigenic human mammary epithelial cell lines, respectively (43, 44) . The results of the present study revealed that the 'PXR/RXR', 'xenobiotic metabolism signaling', 'aryl hydrocarbon receptor signaling' and 'glutathione-mediated detoxification' canonical pathways were also altered in early-stage SC. Previous studies have demonstrated that PXR serves a role in xenobiotic metabolism in human malignancies, such as colon, breast and gynecologic cancers (45) . The involvement of PXR in NSCLC has not been previously reported. The aryl hydrocarbon transcription factor is also involved in cytochrome metabolism and activates the CYP1B1, CYP1A1 and CYP1A2 isotypes (46) . The results of the present study suggest that the dysregulation of genes associated with drug metabolism may be specific to SC, and that the role of these catabolic enzymes may be evident in early-stage cancer. These results also identify several potential mechanisms of chemotherapy resistance in SC.
The canonical pathways 'FXR/RXR activation' and 'LXR/RXR activation' were altered in early-stage AD, and the NR1H4 gene was identified as an upstream regulator of AD in the present study. Previous studies of FXR/RXR in human cancers have demonstrated that it is activated in breast and esophageal cancers, but can be downregulated in hepatobiliary cancers (47) (48) (49) . Loss of LXR/RXR is involved in the growth and progression of prostatic carcinomas, and LXR agonists have emerged as a novel therapy for prostate cancer (50) . The canonical pathways 'LPS/IL-1 mediated inhibition of RXR function' and 'PXR/RXR activation' were altered in SC in the present study. PXR/RXR is involved in the metabolism of xenobiotics and has been demonstrated to be involved in multiple types of human cancer, including colon, breast and gynecological cancers (45) . Previous studies have demonstrated the use of retinoid receptor expression as a prognostic indicator in stage I NSCLC, but the role of specific retinoid receptors has not been explored (51, 52) . The involvement of FXR/RXR, LXR/RXR and PXR/RXR in NSCLC subtypes is a novel finding of the present study.
The results of the present study demonstrated that HNF4A and HNF1A were upstream regulators of the genes specifically dysregulated in AD. A previous study has identified the use of HNF4A as a biomarker for AD, and another study identified HNF4G to be involved in the AKT signaling pathway in lung cancer (20, 53) . The present results suggest that HNF may be an upstream driver of tumorigenesis. In addition, SMARCA4 was identified as another upstream regulator in AD. Upregulation of this gene in AD is associated with poor prognosis and a poor response to platinum-based chemotherapy (54, 55) . Analysis of the upstream regulators in the present study also identified FOXA2 and FOXA1 as specific regulators of AD; the FOXA2 gene product has been demonstrated to prevent lung tumor growth and metastasis by preventing epithelial-mesenchymal transition (21) .
In the present study PPARG, c-JUN and RXRA were the most significant upstream regulators of the genes specifically differentially regulated in early-stage SC. The role of PPARG in lung cancer is unclear, although PPARG has been studied in the context of pulmonary fibrosis, where it was demonstrated to repress myofibroblast differentiation (56) . However, upregulation of PPARG repressed tumor growth in pancreatic and colorectal cancer (57, 58) , and PPARG inhibitors have been used to induce anti-estrogen susceptibility in mammary tumors (59) . The role of the c-JUN regulator in NSCLC may be related to the dysregulation of retinoid signaling by the inhibition of RXRA, which is another upstream regulator of the genes altered in SC (60) . Based on prior studies (61, 62) , c-JUN may be activated and RXRA may be consequently inhibited in SC. Anti-tumor activity has been achieved through c-JUN protein inhibition using a bisphenazine anticancer drug (63) . Several other upstream regulators were identified in the present study, such as estrogen receptor 2 and tumor protein p63, which have been previously demonstrated to serve roles in NSCLC (64, 65) .
The major limitation of the present study was the lack of experimental validation of the findings using in vivo or in vitro experiments. However, to minimize false positives, a very stringent cut-off was used to select the DEGs. In addition, the large sample set provided high statistical power to discover the differences with high confidence.
In conclusion, the present study revealed early-stage differences in the gene expression profiles of AD and SC. Unique sets of genes altered in each subtype were identified; for example, ALB, LIN28A, LIPF, TM4SF4, AGXT2L1 and ACMSD genes were upregulated >50-fold in AD, but were not significantly upregulated in SD. Similarly, AMTN, ADH7, SOST and CLDN22 were upregulated >50-fold in SC, but not in AD. Several CTA family genes were highly upregulated in SC, but not in AD, whereas several mucins were upregulated only in AD. In addition, 'lipid metabolism' and 'drug metabolism' pathways were associated with genes dysregulated specifically in SC, whereas 'molecular transport' and 'cellular growth and proliferation' were significantly enriched only in AD. The results of the present study provided gene expression alterations specific to each subtype, which may help to identify the molecular mechanisms underlying the pathogenesis of these subtypes. These findings also provide targets for future studies investigating novel diagnostic methods and personalized therapeutic approaches for AD and SC.
